Abstract. Due to a multitude of potential applications in safe interaction with human co-workers, soft robotic manipulators have attracted attention from researchers in recent years. However, it is difficult to model a soft robot because of the flexibility of soft materials, which has limited its applications. This paper presents a modelling method for a pneumatic soft actuator based on matrix displacement method. Kinematics of a sample soft actuator is analyzed and the performance of the actuator is tested by experiments. This paper also describes the potential use of the proposed soft actuator in a three-legged soft robot.
Introduction
Compared with traditional robots, soft robots have many unique properties, e.g. good adaptability, safe interactive environment and light weight nature [1] . So they can change their shapes and sizes in a large scale. Many researchers have paid their attention to soft robotics and different types of soft robots have been developed in recent years. Using soft materials and a simple pneumatic valving system, Robert F. Shepherd et al. developed a multigait soft robot which can produce complex motion, e.g. crawling and undulation [2] . Inspired by the octopus, Cecilia Laschi et al. designed a soft robot arm actuated by cables and shape memory alloy springs and it can show the basic movements of the octopus arm, e.g. elongation, shortening and bending [3] . Based on liquid crystalline elastomer (LCE), Mikołaj Rogóz et al. reported a natural-scale soft caterpillar robot which is driven by sequential and nonreciprocal illumination, and can execute various tasks, e.g. walking up a slope and pushing objects [4] . These are good examples for soft robots with different driving modes.
Although modelling is still a big challenge in soft robotics, several recent efforts have generalized in establishing mathematical models of soft robots. Joshua Bishop-Moser et al. have investigated the kinematics of Fluid filled Fiber Reinforced Elastomeric Enclosures (FREEs) [5, 6] . Based on Timoshenko beam theory, Lukas Lindenroth et al. built the stiffness model and the kinematics model of a hydraulically-actuated soft robotics manipulator [7] . Zongkui Wang et al. used a line-segment method to model the dynamics of a soft gripper and proposed an optimization-based method to identify model parameters [8] . Unfortunately, there is still no universal way to analyze the mathematical model a soft robot.
The paper is organized as follows. The scheme of the experimental system is illustrated. Then a method based on matrix displacement to analyze the kinematics of the soft actuator is presented. Experiments are conducted to test the performance of the soft actuator. This paper also presents the potential use of the soft actuator in a three-legged soft robot and some future directions.
System Design
As presented in figure 1 , the soft actuator is made of silicon rubber Ecoflex 0050, with two chambers on both sides and a jamming system in the middle. Inextensible fibers are wrapped around the outer surface of the actuator to constrain inflation, in case 'balloon effect' [9] occurs. The jamming system is a latex membrane with 2g fine abrasive coffee inside. When the system is vacuumed, it would become stiffer than in the normal state [10] . Therefore, the stiffness of the soft actuator would increase with the jammed system. The original length of the soft actuator is 54mm. Fig. 1 Construction of the soft actuator Figure 2 presents the setup of the experimental system. A valving system is developed to control the motion of the soft actuator. Two chambers and the jamming system are connected to the air pump and the vacuum pump via a 3/2 on-off solenoid valve and a 2/2 on-off solenoid valve respectively. By controlling solenoid valves, each channel can be connected to atmosphere, pressure source or hold pressure. A pressure sensor is connected to each channel to measure the pressure. Signals from pressure sensors are processed by an Arduino Mega 2560 board and then sent back to a host PC. Thus the pressure in each channel can be obtained. A user interface is developed based on Matlab GUI, through which the relay module can be controlled by the host PC. Therefore, on-off solenoid valves could be driven by the relay module to control the motion of the soft actuator. 
Kinematics Modelling
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Fig. 3 Model of soft actuator
With two chambers symmetrically distributed on both sides, the soft actuator can be simplified as a cantilever beam in a plane，which is shown in figure 3 . According to structural mechanics, the deflection of the actuator is related to the forces and moments applied at the tip. The stiffness equation can be expressed by
Where F is the external applied forces and moment and can be expressed by
Where Fx, Fy are the forces in the x, y directions respectively and M is the moment applied at the tip.The position and orientation displacements can be expressed by a matrix
Based on structural mechanics, the stiffness matrix k can be defined as 
Where E is the young modulus of the soft actuator, I is the area moment of inertia and L0 is the original length. Since matrix k is invertible, the displacements at the tip can be expressed by
Taking air pressure in the chamber into account, the forces and moment applied at the tip can be expressed by
Where P1, P2 are pressures in chamber 1 and chamber 2 respectively, Ac is the cross section of each chamber, Lc is the distance between each chamber and central axis. The displacements at the tip can be calculated by equation 5 and equation 6.
The soft actuator can be simplified as a cantilever. When external force is applied at the tip as shown in figure 4 , Young Modulus can be obtained by
Where Fv is the external load and vmax is the vertical displacement of the tip. 
Experiment
When a chamber is pressurized, the soft actuator will bend to the opposite direction. Figure 5 shows the bending range of 30, 60, 90 degrees respectively. The result shows that the design method can avoid balloon effect successfully. Figure 6 shows the tip positon with the bending range of 0-120 degrees. The Young Modulus is calculated when the jamming system is in normal state and vacuumed. Figure 8 shows the test results. The jammed system can increase the Young Modulus significantly, which means the soft actuator becomes stiffer when the granular jamming is applied.
Fig. 8 Young Modulus in different status

Conclusion and Future Work
In this paper, we propose a method based on matrix displacement to analyze the kinematics of the soft actuator. Experiments show that inextensible fibers wrapped around the outer surface of the soft actuator can prevent balloon effect. Granular jamming system can increase the stiffness of the soft actuator.
In the future, the kinematics model will be refined and verified by the experiments. Based on the proposed soft actuator, a three-legged robot will be fabricated. The robot is expected to have three legs distributed in a plane, with 120 degrees between each leg. Every leg has two chambers at both sides, a jamming system in the middle and a sucker at the end. Bending occurs in the leg when chambers are pressured. Vacuumed jamming system allows high stiffness and a sucker allows the robot to 'stand' on smooth plane. By controlling air pressures in chambers, jamming systems and suckers, the soft robot is able to accomplish complex motion, such as rolling.
